Objective-Neovascularization and vaso-obliteration are vision-threatening events that develop by interactions between retinal vascular and glial cells. A high-salt diet is causal in cardiovascular and renal disease, which is linked to modulation of the renin-angiotensin-aldosterone system. However, it is not known whether dietary salt influences retinal vasculopathy and if the renin-angiotensin-aldosterone system is involved. We examined whether a low-salt (LS) diet influenced vascular and glial cell injury and the renin-angiotensin-aldosterone system in ischemic retinopathy. Approach and Results-Pregnant Sprague Dawley rats were fed LS (0.03% NaCl) or normal salt (0.3% NaCl) diets, and ischemic retinopathy was induced in the offspring. An LS diet reduced retinal neovascularization and vaso-obliteration, the mRNA and protein levels of the angiogenic factors, vascular endothelial growth factor, and erythropoietin. Microglia, which influence vascular remodeling in ischemic retinopathy, were reduced by LS as was tumor necrosis factor-α. Macroglial Müller cells maintain the integrity of the blood-retinal barrier, and in ischemic retinopathy, LS reduced their gliosis and also vascular leakage. In retina, LS reduced mineralocorticoid receptor, angiotensin type 1 receptor, and renin mRNA levels, whereas, as expected, plasma levels of aldosterone and renin were increased. The aldosterone/ mineralocorticoid receptor-sensitive epithelial sodium channel alpha (ENaCα), which is expressed in Müller cells, was increased in ischemic retinopathy and reduced by LS. In cultured Müller cells, high salt increased ENaCα, which was prevented by mineralocorticoid receptor and angiotensin type 1 receptor blockade. Conversely, LS reduced ENaCα, angiotensin type 1 receptor, and mineralocorticoid receptor expression.
T he high-salt (HS) content of the Western diet is causative in the development of hypertension and cardiovascular disease. 1, 2 The American Heart Association recommends lowering sodium intake to <1500 mg/d for the US population. 3 Modulations in dietary salt intake are linked to activation of the renin-angiotensin-aldosterone system (RAAS). For instance, a reduction in dietary salt intake is associated with upregulation of the systemic RAAS while there are reports that this occurs with a concomitant reduction in the tissue RAAS. [4] [5] [6] [7] There is considerable evidence that the RAAS contributes to vascular injury in the retina in diseases such as retinopathy of prematurity and diabetic retinopathy. 8 Blockade of the angiotensin type 1 receptor (AT1R) and mineralocorticoid receptor (MR) has beneficial effects in both clinical 9,10 and experimental 11, 12 retinopathy. Furthermore, all the components of the RAAS are expressed in the retina and have been localized to the microvasculature, glia, and neurons, 8, [12] [13] [14] suggesting that a local system may influence both physiological and pathological processes. However, whether dietary salt influences vascular injury is not well documented and seems to not have been studied in retinopathy and neovascularization.
Ischemic retinopathies such as retinopathy of prematurity and diabetic retinopathy are major causes of vision loss and blindness, and both conditions are escalating in prevalence throughout the world. 15, 16 They feature progressive damage to the retinal microvasculature that can result in neovascularization, as well as capillary degeneration. 15, 16 Furthermore, breakdown of the blood-retinal barrier (BRB) can lead to vision-threatening edema and hemorrhage. 17 Nonvascular cells play a key role in the development of retinal vasculopathy. Microglia, the resident immune cells of the retina, contribute to vascular remodeling and release injurious factors such as tumor necrosis factor-α (TNF-α). 18, 19 Müller cells, the macroglia of the retina, can when injured promote breakdown of the BRB, 17 as well as neovascularization because of their production of vascular endothelial growth factor (VEGF). 20, 21 The treatments for these ischemic retinopathies are limited and mainly focus on the surgical ablation of angiogenic blood vessels and surrounding tissue in the end stages of the diseases. However, such approaches neither prevent the progression of vascular damage nor completely retard vision loss. Recently, dietary interventions have gained attention as a potentially safe and relatively inexpensive treatment approach. 22 In this regard, the modulation of dietary salt intake is of interest. Using a robust model of retinopathy of prematurity, known as oxygen-induced retinopathy (OIR), 12, 23 we evaluated the effects of a low-salt (LS) diet on neovascularization and capillary degeneration, as well as the levels of proangiogenic markers in retina. We examined the density of microglia and Müller cell pathology, as well as breakdown of the BRB. The retinal and circulating levels of RAAS components were evaluated and also the expression of the aldosterone/MR-sensitive sodium channel, epithelial sodium channel alpha (ENaCα), 24 that is expressed in Müller cells and implicated in angiogenesis. [25] [26] [27] We identified that an LS diet protected against retinal neovascularization and glial cell damage in OIR, which was linked to modulation of the RAAS. Our findings have implications for the use of dietary interventions such as LS for protection against vascular pathology in a variety of ischemic retinopathies.
Materials and Methods
Materials and Methods are available in the online-only Supplement.
Results

An LS Diet Reduced Retinal Neovascularization and Vaso-Obliteration in OIR
As previously documented, 12, 23 the exposure of neonatal rats to hyperoxia followed by room air resulted in the retinal neovascularization and avascular retina, which characterizes OIR ( Figure 1A , 1C, and 1D). In OIR rats fed an LS diet, retinal neovascularization and the avascular retina were clearly reduced compared with OIR rats fed a normal salt (NS) diet ( Figure 1A , 1C, and 1D). The reduction in retinal neovascularization with LS was confirmed in paraffin sections ( Figure 1B and 1D). In control rats fed LS, the vasculature appeared normal compared with control rats fed NS ( Figure 1B ).
An LS Diet Reduced the Expression of Angiogenic Factors, As Well As the Phosphorylation of Extracellular Signal-Regulated Kinase 1/2 in OIR
To determine if the expression of angiogenic factors, which are involved in the development of OIR, were altered with an LS diet, we studied VEGF 28 and erythropoietin 29 with quantitative polymerase chain reaction, ELISA, and Western blotting. As expected, in OIR rats fed an NS diet, the mRNA and protein levels of VEGF and erythropoietin were increased in retina compared with room air controls (Figure 2A-2D ). Consistent with the decrease in retinal vasculopathy in OIR rats fed an LS diet, retinal mRNA and protein levels of VEGF and erythropoietin were also reduced compared with OIR rats fed NS (Figure 2A -2D).
In room air controls, an LS diet had no effect on the retinal levels of VEGF and erythropoietin compared with rats fed NS. As the extracellular signal-regulated kinase 1/2 (ERK1/2) pathway is involved in both VEGF 30 and erythropoietin 31 signaling, we evaluated ERK1/2 phosphorylation. In retina, ERK1/2 phosphorylation was increased in OIR rats fed an NS diet compared with room air control rats fed NS ( Figure 2E ). An LS diet reduced ERK1/2 phosphorylation in the retina of OIR rats and had no effect on room air controls ( Figure 2E ).
An LS Diet Reduced Ionized Binding Adaptor Protein-1 Immunolabeling of Microglia and the Expression of TNF-α in OIR
As previously reported, 23 immunolabeling for microglia with ionized binding adaptor protein-1 (Iba1) was increased in the inner retina (region from inner limiting membrane to inner plexiform layer) of OIR rats fed an NS diet compared with room air controls, and often associated with blood vessels ( Figure 3A and 3B). In OIR rats fed an LS diet, Iba1 immunolabeling was reduced compared with OIR rats fed NS ( Figure 3A and 3B). In room air controls, an LS diet had no effect on Iba1 immunolabeling. As microglia in ischemic conditions release cytokines that injure the retina, 19 we evaluated the expression of an inflammatory factor that is key to this process, TNF-α. 19 Using immunohistochemistry, we determined that in room air controls, TNF-α was localized to retinal ganglion cells and some cells in the inner nuclear layer of the retina ( Figure 3C ). In room air controls, this pattern of labeling was unchanged by LS. In OIR rats fed an NS diet, TNF-α immunolabeling in retina was increased in these sites compared with room air controls and was also apparent in microglia, some of which were associated with blood vessels ( Figure 3C ). OIR rats fed an LS diet had reduced levels of TNF-α immunolabeling in all regions of the retina compared with OIR rats fed NS. We next used quantitative polymerase chain reaction to examine the levels of TNF-α mRNA in the retina. The expression pattern of TNF-α mRNA in the retina of the experimental groups was similar to TNF-α immunolabeling with an increase in OIR rats fed an NS diet and a reduction in OIR rats fed LS ( Figure 3E ).
An LS Diet Reduced Müller Cell Gliosis and Vascular Leakage in OIR
Under pathological conditions, Müller cells exhibit upregulation of glial fibrillary acidic protein (GFAP), which is a measure of gliosis. 32 In room air controls fed an NS diet, GFAP immunolabeling was minimal and located near the surface of the retina on the inner limiting membrane and was unchanged by an LS diet ( Figure 4A and 4B). In OIR rats fed an NS diet, GFAP immunolabeling was increased and present in Müller cell processes extending throughout the retina ( Figure 4A and 4B). In OIR rats, an LS diet reduced GFAP immunolabeling ( Figure 4A and 4B). Müller cells make an important contribution to maintaining the integrity of the BRB and thereby assist with preventing vascular leakage, which is a major cause of vision loss. 17, 33 In OIR rats fed an NS diet, retinal vascular leakage was increased compared with room air controls fed NS ( Figure 4C ). In room air control rats, an LS diet had no effect on retinal vascular leakage ( Figure 4C ). In OIR rats fed an LS diet, retinal vascular leakage was reduced compared with OIR rats fed NS ( Figure 4C ).
An LS Diet Increased the Circulating RAAS and Reduced the Retinal RAAS in OIR
In both controls and OIR rats fed an LS diet, plasma levels of aldosterone and renin were increased compared with rats fed an NS diet ( Figure 5A and 5B). The plasma levels of angiotensin II were unchanged by an LS diet ( Figure 5C ). In retina of OIR rats fed an NS diet, the mRNA levels of MR ( Figure 5D ) and AT1R ( Figure 5E ) were increased compared with room air controls. LS reduced the OIR-induced increase in MR and AT1R mRNA and also reduced renin ( Figure 5F ) mRNA in OIR compared with OIR rats fed an NS diet. Furthermore, LS reduced AT1R mRNA in controls compared with controls fed an NS diet ( Figure 5E ). Neither OIR nor an LS diet influenced the mRNA levels of angiotensinogen in retina ( Figure 5G ).
An LS Diet Reduced the Expression of the Müller Cell Ion Channel, ENaCα, and RAAS Components
As ENaCα is important in sodium transport and sensitive to the RAAS, and is also expressed in Müller cells 24 that contribute to vasculopathy in OIR, we evaluated ENaCα expression. In OIR rats fed an NS diet, the mRNA and protein levels of ENaCα in retina were increased compared with room air controls ( Figure 6A and 6B) . In OIR, an LS diet reduced the mRNA and protein levels of ENaCα to control levels ( Figure 6A and 6B ). We evaluated other members of the ENaC complex, ENaCβ and ENaCγ that have been identified in retina. 24 ENaCβ mRNA levels in retina were unchanged with OIR and an LS diet, whereas ENaCγ mRNA levels were increased in OIR compared with control but unaffected by LS ( Figure IA and IB in the online-only Data Supplement).
To explore whether salt directly influences ENaCα expression in Müller cells, we exposed primary cultures to NaCl concentrations that are found in the interstitium of animals fed HS. 34, 35 Exposure to 40, 65, and 90 mmol/L of NaCl increased the mRNA and protein levels of ENaCα ( Figure 6C and 6D) , as well as mRNA levels of AT1R, MR ( Figure 6E and 6F) , angiotensinogen, renin, and angiotensin-converting enzyme 1 ( Figure IIA -IIC in the online-only Data Supplement). HS reduced the mRNA levels of angiotensin-converting enzyme 2 ( Figure IID in the online-only Data Supplement). To determine whether NaCl-induced increases in ENaCα in Müller cells were responsive to the RAAS, cultures were exposed to the AT1R antagonist, valsartan, and the MR antagonist, spironolactone. Both treatments reduced the increase in ENaCα mRNA ( Figure 6G 
OIR Induced the Upregulation of Aquaporin-4 and Kir4.1 in OIR
Aldosterone's effects on Müller cells has been linked to changes in the expression of the ion and water transport molecules, aquaporin-4 (AQP4) and Kir4.1 (inward rectifier potassium channel). 17 In room air controls, immunolabeling for AQP4 was present in some ganglion cells and occasionally cells in the inner nuclear layer ( Figure IV in the online-only Data Supplement). In room air controls, an LS diet slightly increased the intensity of AQP4 immunolabeling with occasional Müller cell processes immunolabeled ( Figure IV in the online-only Data Supplement). In OIR rats fed an NS diet, there was a marked increase in AQP4 immunolabeling in ganglion cells and the INL, as well as in Müller cell endfeet at the retinal surface and in Müller cell processes ( Figure IV in the online-only Data Supplement). In OIR rats, an LS diet did not alter the intensity or distribution of AQP4 immunolabeling compared with OIR rats fed an NS diet. mRNA levels of AQP4 showed a similar pattern of expression as the immunolabeling ( Figure IV 
Effect of LS Diet on Body Weight, Food and Water Intake, Plasma Sodium, Hematocrit, and Glomerular Number in OIR
As reported previously, 23 once pups began the OIR protocol at postnatal day 5, they gained less body weight than age-matched controls receiving NS ( Figure VI in the online-only Data Supplement; Table I in the online-only Data Supplement). An LS diet had no effect on body weight of controls or OIR pups until postnatal day 6 when both groups gained less weight than age-matched rats receiving an NS diet. However, body weight steadily increased over the experimental period (Figure VI in the online-only Data Supplement; Table 1 in the onlineonly Data Supplement). Similarly, mothers fed an LS diet had lower body weight than mothers fed NS ( Table I in P<0.01, n=10) . Hematocrit levels were reduced in OIR pups administered LS (24.65±0.052%, n=10) compared with OIR pups administered NS (28.75±0.75%, P<0.01, n=10). Red blood cell count was not different between the groups (OIR+NS, 4.18±0.11 mol/L per micro liter; OIR+LS, 4.01±0.07 mol/L per micro liter, n=10). As changes in dietary salt intake can affect nephron development, 36 we evaluated glomerular number. In control rat pups, an LS diet had no effect on glomerular number in kidney ( Figure IX in the online-only Data Supplement).
Discussion
The principal findings of this study are that an LS diet reduced retinal neovascularization and vaso-obliteration, which may be mediated by suppression of the retinal RAAS. The improvement in vasculopathy was consistent with the reduction in the main retinal angiogenic factors, VEGF 20 and erythropoietin, 29 as well as downregulation of ERK1/2 phosphorylation, which is implicated in their downstream actions. 30, 31 We identified that microglia, as well as macroglial Müller cells, which contribute to retinal vasculopathy by releasing cytokines and angiogenic factors such as VEGF, 18, 19, 21 react to an LS diet. In OIR, Iba1-positive microglia, as well as TNF-α mRNA and protein levels in retina, were reduced by LS. There was a striking improvement in Müller cell pathology including a reduction in gliosis and breakdown of the BRB. Our findings indicate that the RAAS is involved in the protective effects of an LS diet, with a reduction in mRNA of MR, renin, and AT1R in retina, as well as the expression levels of the aldosterone/ MR-sensitive ENaCα sodium channel. Müller cells may be critical in the vascular protective effects of LS because they express RAAS components 8, 23 and ENaCα. 24, 37, 38 Furthermore, in response to HS and LS, Müller cells modulate their levels of ENaCα expression, which in the setting of HS was attenuated by MR and AT1R blockade.
Neovascularization and capillary degeneration in the retina are key events that contribute to vision impairment. 15, 16 To our knowledge, few studies have evaluated the effects of dietary salt on neovascularization. Previous studies have largely focused on heart 4,39 and kidney 40, 41 disease, where an LS diet, has in general, provided benefit. In our study, we administered an LS diet in the last few days of pregnancy and during preweaning to mimic, to some extent, the human situation where newborns often receive nutrition from their mothers. Although we did not measure the concentration of sodium in milk from lactating rats, previous studies have reported that an LS diet reduced sodium levels in milk. 42, 43 HS and LS diets may influence organ development when administered during pregnancy, with reports of reduced nephron number and a predisposition to hypertension later in life in neonates. 36 Our study was designed to minimize these effects with the administration of LS to mothers before birth rather than at the beginning of pregnancy. The LS diet had no effect on nephron number in neonates or vascular development in retina of control rats. However, the body weight of mothers and neonates fed an LS diet was reduced compared with controls. This was not because of poor nutrition, which may exacerbate OIR in mice and rats, 43, 44 but reduced water intake mostly likely as a result of the mothers previous preference for a diet higher in salt content. 45 With respect to retinal neovascularization in OIR, we found a marked improvement with an LS diet, as well as normalization of mRNA and protein levels of VEGF and erythropoietin in retina. 20, 29 Enhanced activity of ERK1/2 has been linked to both VEGF and erythropoietin signaling and to retinal angiogenesis. 30, 31 The finding that enhanced ERK1/2 phosphorylation in OIR rats was reduced with an LS diet, suggested that such a diet has a marked effect on angiogenic pathways in retinopathy. The early stage of OIR in rats features hyperoxia-induced capillary vaso-obliteration, resulting in an avascular area in the periphery of the retina. The degree of capillary damage is viewed to predict the severity of neovascularization in OIR. 46 Our finding that an LS diet improved revascularization of the peripheral retina in OIR suggested that this intervention has dual benefits with a reduction in both neovascularization and the repair of damaged capillaries.
Microglia, the immune cells of the retina, proliferate and become activated in ischemic retinopathy to produce cytokines such as TNF-α, which damage surrounding cells and also promote neovascularization. 19, 47 Our finding that immunolabeling for microglia, as well as TNF-α mRNA and protein levels in retina, was reduced in OIR rats administered LS suggested that LS is able to dampen the contribution of microglia to retinal vasculopathy. However, a limitation of our study is that we did not determine whether retinal microglia per se altered their expression of TNF-α in response to LS but rather measured TNF-α levels in whole retina. To our knowledge, the effect of an LS diet on microglia in the retina or other parts of the central nervous system has not been examined. Our data may be relevant to studies of brain injury, which have indicated that moderate dietary restriction reduced microglial activation. 48 The processes of Müller cells ensheath retinal blood vessels to provide structural support and maintenance of the BRB. 33 Under ischemic conditions, Müller cells become gliotic because of breakdown of the BRB, and they also contribute to vascular leakage by secreting VEGF. 20 An indication of Müller cell damage is their increased expression of the intermediate filament protein, GFAP, which in injured states can be observed along their processes. 21 In the present study, the Müller cell gliosis that occurred in OIR was markedly reduced with an LS diet. This was accompanied by a reduction in breakdown of the BRB, as well as reduced levels of retinal VEGF, suggesting that an LS diet had a protective effect on Müller cells.
The retina expresses components of the RAAS with the AT1R and MR localized to the vasculature, 12,14 microglia, 23 and Müller 8,23 cells. The protective effects of an LS diet are linked to activity of the RAAS because LS reduced the levels of MR and AT1R in tissues such as adrenal gland, heart, and brain. [4] [5] [6] [7] The decrease in expression of these receptors has been attributed to the increased levels of aldosterone, renin, and angiotensin II in circulation that occurred after dietary sodium restriction. Our findings are consistent with previous studies using LS, with a similar elevation in circulating levels of aldosterone and renin, 49 although the plasma levels of angiotensin II were not altered. This amplification of the circulating RAAS was accompanied by a reduction in the expression of MR, AT1R, and renin in retina. A limitation of our study was that we could not measure aldosterone, renin, and angiotensin II protein levels in retina. Our experience is that these are difficult measurements to perform in retina and particularly neonatal retina because of the small tissue size. Furthermore, we were unable to examine whether an LS diet's modulation of the systemic RAAS influenced blood pressure and hence retinal vasculopathy. Blood pressure measurements are not possible in neonatal rats. However, previous studies using a similar LS diet indicated that there are minimal or no effects on blood pressure in adult rats. 50, 51 Another consideration in our study is whether an LS diet influenced plasma volume in OIR rat pups. Our finding that both plasma sodium and hematocrit were slightly reduced in OIR pups receiving LS indicated that mild hyponatremia might have occurred in these animals. This is most likely related to the enhanced activation of the circulating RAAS. Whether these responses severely affected the health of pups is unlikely as pups continued to grow. Furthermore, healthy babies do exhibit mild hyponatremia and elevated circulating levels of renin and aldosterone. 52 Overall, our results demonstrated that suppression of MR and AT1R in retina by LS is likely to have conferred vascular and glial protection in OIR. These findings are consistent with our previous report that the addition of 1% salt, albeit in drinking water rather than diet, exacerbated retinal vasculopathy and inflammation in rats with OIR. 12 These effects were linked to the MR because spironolactone reduced both events. 12 Furthermore, inhibition of the AT1R also attenuated salt-induced vasculopathy in OIR. 8, 11, 23 Classically, sodium transport into kidney collecting ducts is mediated by aldosterone/MR induction of ENaCα. 53 ENaCα is also expressed in Müller cells 37, 38, 54 and may influence cell function, 17, 54 although how this occurs is not fully understood. Recent studies identified that MR is expressed in Müller cells, 23, 37, 38 and furthermore, aldosterone and the MR stimulated the expression of ENaCα in Müller cells. 38 These findings led to the suggestion that aldosterone/MR may regulate sodium transport in Müller cells. Our finding that in OIR, both MR and ENaCα were increased, and an LS diet reduced their expression but had no effect on ENaCβ and ENaCγ, suggested that the benefit of LS on Müller cell gliosis is because of aldosterone/MR-mediated events via ENaCα. Our findings in cultured Müller cells lend support to this idea because HS increased the expression of angiotensinogen, renin, and angiotensin-converting enzyme 1 while inhibiting angiotensin-converting enzyme 2, which is involved in counter-regulation of angiotensin II-mediated events. Importantly, HS-induced expression of ENaCα was inhibited by MR and AT1R blockade, and LS decreased ENaCα, as well as AT1R and MR. How ENaCα influences vasculopathy in the retina is unknown and may be related to emerging evidence that ENaCα is able to stimulate VEGF-mediated angiogenesis. 26, 27 As changes in cellular sodium transport involve alterations in fluid transport, it could be speculated that the effect of aldosterone/MR on Müller cell fluid transport may also involve the potassium channel Kir4.1 and the transmembrane water channel AQP4. Under normal conditions, light-induced neuronal activity results in a hypo-osmotic environment in the extracellular space, which favors the swelling of glial cells. 17, 55 Müller cell swelling is prevented by the siphoning of excess K + into the vitreous or retinal vessels, 55 most probably by using Kir4.1. 56 Müller cells also contribute to transretinal fluid movements by removing excess water from the inner retina via AQP4. 57 The colocalization of Kir4.1 and AQP4 on Müller cell endfeet processes facing the vitreous and blood vessels has led to the suggestion of a functional-dependent relationship. 58 The expression of these channels is altered in different retinal diseases including ischemia and diabetes mellitus and is viewed to be a response to prevent cell swelling. 59, 60 To our knowledge, the expression pattern of Kir4.1 and AQP4 has neither been studied in OIR nor following an LS diet. Our data indicated that both Kir4.1 and AQP4 are predominately located in Müller cells. However, while OIR was associated with increased AQP4 mRNA and protein levels, Kir4.1 mRNA levels were not altered, although Kir4.1 immunolabeling in Müller cell endfeet appeared to be increased. These findings suggest that Kir4.1 and AQP4 are likely to be involved in Müller cell ion and fluid transport in OIR. Our finding that an LS diet in OIR did not change AQP4 or Kir4.1 expression cannot at present be explained, although it could indicate that these particular channels are not targets for LS.
In conclusion, we demonstrated that an LS diet protected the retina from vascular pathology, which involved contributions from microglia and macroglia. These effects may be mediated by downregulation of the retinal RAAS, although it is possible that other pathways are involved. The findings may have implications for diabetic retinopathy where emerging evidence indicates that high caloric and salt intakes are independent risk factors in certain populations. 61 
